Abstract-For a time-hopping (TH) pulse position modulation (PPM) based ultra-wideband (UWB) multiantenna system, we propose four coherent space-time (ST) diversity schemes, corresponding to which the correlation template signals with blind channel estimation are also presented. First of all, the issue of channel identifiability based on first-order statistics is addressed, aspired by the singleantenna case [1] . Then, we shed light on that the determination of space-time structure is related to both channel estimation and signal detection. After that, four ST diversity structures are presented to guarantee both the feasibility of blind channel estimation and no multi-antenna interference introduced into signal detection. Finally, substantial simulations show that the proposed ST diversity schemes can significantly outperform the traditional single-antenna system especially for high signal-tonoise ratios whether channel state information is perfect or not.
transmission power density, the data transmission rates of UWB are very limited. Since multiple-input multipleoutput (MIMO) technology boosts the channel capacity largely and provides big performance improvement with low power consumption, it is one viable solution to solve the power limit problem. UWB systems combined with the MIMO technique can provide increased data rates and range so as to achieve the goal of more than 1 Gb/s rate [4] [5] [6] [7] [8] . Thus, one of our goals in this work has been to investigate several space-time (ST) diversity schemes in the case of a pulse based UWB system over the extremely frequency selective wireless channel.
Diversity transmission technology of Alamouti's space-time block-coding (STBC) scheme [9] has been firstly proposed for flatly fading MIMO systems so as to achieve full spatial diversity at a full rate. After that, an Alamouti-like scheme for SC-FDE systems [10] is developed so as to achieve significant diversity gains over frequency-selective fading channels. To guarantee the performance improvement, the knowledge of instant channel state information (CSI) is required to implement the coherent detection of the received signal in these networks [11] . However, the CSI is unknown and needs to be estimated in the receiver before signal detection. Generally, the IR-UWB systems have two basic signal modulation formats: one is time-hopping (TH) pulse position modulation (PPM); the other is direct sequence (DS) pulse amplitude modulation (PAM). Since DS-PAM solution has the extremely similar signal structure to DS CDMA, the traditional channel estimation methods proposed for DS-CDMA can be extended into the DS-PAM UWB case directly. Hence, current researches on channel estimation focus on the TH-PPM UWB systems, which can be classified into three categories: training or pilot-based non-blind estimation technique [12] [13] [14] , blind estimation technique [15] , [16] and semi-blind estimation technique [17] , [18] .
The main advantage of blind estimation methods over non-blind methods is that no known signal like training or pilot is required. Since both the mean and covariance of the received TH-PPM signal contain the information of channel parameters, blind channel estimation methods could be presented based on the second-order statistics (SOS) [19] , [20] or even the first-order statistics (FOS) [1] of received signal. In [1] , a blind channel estimation method based on the FOS is developed for the TH-PPM UWB system with single antenna. Unlike the SOS based methods, it has not only a low complexity but also avoids the ambiguity problem and slow convergence rate of the estimated channel. Nevertheless, in [1] , the reasonable choice of tolerance threshold in channel estimation is not taken into consideration over the large signal-to noise ratio (SNR) range. In the event that the tolerance threshold is set overlarge, the estimated channel frequency response (CFR) coefficients smaller than the tolerance threshold will be regarded as noise and filtered out. On the contrary, the overmuch noise will be retained in the estimated CFR coefficients so as to secure a high mean square error (MSE). As such, the other goal of our paper is to propose a blind channel estimation method with a low complexity based on FOS for MIMO systems. Besides, different to the SISO case, since the received signal contains the all signals from transmitters through channels, we not only need to discuss the existence of channel estimation solution but also consider the multiantenna interference in coherent signal detection for the proposed UWB MIMO systems. Thus, the main contributions of this paper are described as follows:  A general transceiver for TH-PPM based UWB with multiple antennas is presented, where blind channel estimation is proposed based on FOS and coherent signal detection is also implemented.  Channel identification conditions on blind estimation based on FOS are provided under the consideration of the influence of multi-antenna interference, and correspondingly, four ST diversity schemes are proposed for TH-PPM UWB MIMO systems.  The influence of tolerance threshold on channel estimation performance is discussed here and the optimal values varying from SNR and the data record length can be determined by the numerical simulations. Thus, channel estimation performance can be improved further;  The correlation template signals are given for realizing the coherent reception for each branch at the receiver. After that, simple equal gain combining (EGC) method is adopted to achieve receiver diversities. The rest of this paper is structured as follows. Section II first presents the system model of TH-PPM-based UWB MIMO. Then, Section III provides the details of the proposed blind channel estimation algorithm and the corresponding studies on channel identification are also presented. Four ST diversity schemes and their signal detection methods are given in Section IV and Section V, respectively. In Section VI, substantial simulation results are presented for demonstrating the validness of our studies. Finally, conclusions are drawn in Section VII.
II. SYSTEM MODEL OF TH-PPM BASED UWB MIMO
We consider a single-user UWB environment equipped with receiver antennas, where for simplicity, the case of two transmit antennas is only taken into account. Multiple antennas' extension is direct by applying the orthogonal design principle. Every UWB signal is composed of short length pulses of width p T in the order of nanoseconds (ns). The TH-PPM format using 2-binary is applied to our proposed UWB MIMO method. The two transmitted spectral shaping pulses may be alike, or different. The delays between the transmitters and the receivers are assumed to be zero for simplicity. The transmitted spectral shaping pulse at the th m transmit antenna can be represented as [12] 
where L is the number of resolvable multipath components, the parameter mn l  is the value of −1 or 1 with equal probability 0.5 accounting for the random pulse inversion, mn l  denotes the sub-channel fading amplitude which is lognormally distributed with a standard deviation of 3-5dB [22] , and the minimum multipath resolution is equal to the pulse-width p T . Then, the power of the lth multipath component can be modeled
 , where  is the power decay factor and 0  is the normalized factor of channel power.
The information symbol waveforms are transmitted according to the certain encoding form. The encoding sequence needs to satisfy the conditions on channel identification and signal detection (as seen later). At a given symbol period, two signals are simultaneously transmitted using the two different or same pulses from the two antennas. Then, the received signal at the th n receive antenna is given by
where () n vt is the additive white Gaussian noise AWGN with zero mean and a two-sided power spectral density of 0 /2 N at the th n receive antenna and '*' denotes linear convolution. For simplicity, the MAI is ignored in (5 
and   i n vtrepresents the AWGN over the ith symbol period. It is assumed that the duration of every subchannel is less than symbol duration; in other words, the effect of ISI can be ignored. Perfect timing is also assumed. Blind channel estimation will be completed based on 2I consecutive received symbols across which all sub-channels' fading remains constant. Subsequently, they can be employed to construct the template signals for complementing the coherent detection in the receiver.
III. BLIND CHANNEL ESTIMATION
Aspired by the method reported in [1] , the proposed blind channel estimation method is based on the FOS of the received signal, i.e. the statistical expectation of the received signal across the multiple symbols. The average received signal () 
where
which is a periodically extended channel of
and
Then, we can rewrite ()
where '  ' denotes the circular convolution operation. Then, the Fourier transform of both sides of (13) can be given by
Notably, the method of [1] cannot be applied directly to estimate the UWB MIMO channel blindly since the equation (14) is hard to be solved due to too many unknown channel parameters. Hence, we both utilize the time diversity and space diversity of the MIMO system to solve this problem. Thus, the received signals of the even instants and the odd ones from (14) 
respectively, where 
at the nth receive antenna, respectively. Then, (15) and (16) can be rewritten by a matrix form as follows (19) Then, the channel vector
at the kth frequency component of the nth receiver can be estimated by solving (19) as 
where ' ||  ' stands for the absolute value operation and the tolerance threshold  is a small positive value. The influence of  on the system performance will be explored as seen later. Then, the channel
, can be estimated through (20) if (22) is satisfied. Otherwise, it will be replaced by a zero vector. Also, based on the condition of (21), several space-time diversity schemes are presented in the following subsection. Thus, the proposed blind channel estimation method for the UWB MIMO systems can be described as follows: 
IV. PROPOSED SEVERAL SPACE-TIME DIVERSITY SCHEMES It should be mentioned that not all of the space-time diversity structures are suitable to the channel identability condition of (21) . In this section, several reasonable space-time diversity schemes are presented and analyzed.
A. Space-Time Diversity Scheme 1 (ST1)
If one is to let         . Obviously, the first solution is not feasible for the space-time structure (24). This is because the correlation receiver for implementing the coherent signal detection suffers from a severe performance loss due to the multiple antenna interference (MAI) caused by the same monocycles for all transmitters. Therefore, we assume that different transmitters use the different monocycles and they are orthogonal to each other as (2) . This scheme is named after ST1 in this paper. Actually, ST1 for 2 t N  is equivalent to the method reported in [23] and similar to the Alamouti-like STBC architecture [10] . Differently, the influence of threshold will be considered as seen later. Besides, another similar spacetime diversity structure to (24) 
B. Space-Time Diversity Scheme 2 (ST2)
It is worthwhile to note that the monocycle for even symbol instant is different from that of odd symbol instant at each transmitter for ST1 and mST1 schemes. Hence, compared to the single antenna case, they can obtain both time and space diversity but at the cost of increasing the complexities of transmitter since two types of monocycle are required for each transmitter branch. respectively. It can be easily observed that the existence condition of channel estimation solution in ST2 is stricter than that of ST1 or mST1.
C. Space-Time Diversity Scheme 3 (ST3)
Further to simplify the transmitter, we introduce the another ST diversity scheme (named after ST3) where only one monocycle (    
= w t w t ) is employed
for all transmitters and hence no MAI exists. Moreover, the interference between two different monocycles in the schemes above can be avoided. Equation (34) is assumed to ensure the coherent signal detection without MAI. If using (33), (21) and (22) respectively. The threshold  is a small positive number.
In the subsequent simulations, the influence of the choice of  on the performance will be discussed. Supposing that (35) or (36) can be satisfied, the channel vector
can be recovered from (20) by the ST3 scheme above.
V. SIGNAL DETECTION FOR DIFFERENT ST STRUCTURES
In order to recover the information symbols, the difference signals should be firstly constructed by the estimated channel   mn ht for the correlate receiver. Then, the output of all branches after correlation operations can be combined at certain combination principle such as maximal-ratio combining (MRC) and EGC, etc. For simplicity, EGC method is adopted here to achieve receiver diversities at a cost of performance loss. Finally, the output signal of the combiner will pass through the decision detector to achieve the estimated value of the transmitted signals.
For all ST diversity schemes above, the difference signals are expressed by 
VI. NUMERICAL SIMULATIONS
In this section, we numerically study the performance of our proposed ST schemes as well as the corresponding blind channel estimation algorithm under TH-PPM based UWB MIMO scenarios. Simulation parameters are provided in Table II EN value or data record length I increases, the optimal tolerance thresholds gradually move toward to low value region. In other words, the larger 0 b EN value or data record length is, the smaller the optimal tolerance threshold is. It indicates that channel estimation performance can be improved if the tolerance threshold is chosen appropriately. 2 shows the results for proposed ST1, from which we can observe the identical phenomenon. For the simplicity and space limit of paper, the proposed mST1, ST2 and ST3 schemes are omitted since the same results can be obtained. Correspondingly, blind channel estimation method based on FOS is utilized in different ST diversity schemes. As a result, the choice of tolerance threshold greatly influences the NMSE performance of blind channel estimation for all proposed schemes. Table III shows the optimal values of tolerance threshold varying from 0 b EN for various ST schemes under different data lengths by adopting same numerical methods above. In the subsequent simulations, these optimal values will be compared to the non-optimal case. This non-optimal case means that only a fixed tolerance threshold is used in blind channel estimation over the whole 0 b EN range. EN range than those with non-optimal tolerance thresholds. This is consistent with our results before. Further, the NMSE performance gaps of opt  between I=500 and I=1000 are less than those of non-optimal tolerance thresholds. It means that the proposed methods not only boost the channel estimation performance but also gain the low computational complexity by setting the optimal tolerance thresholds. EN 25dB, the proposed ST3 scheme gradually begins to degrade slightly, it is still the best one in the proposed schemes in terms of implementation since it only uses one monocycle pulse for all transmitters as discussed in Section IV. In Fig. 9 , we show the BER performance against 0 b EN of our developed ST schemes and their comparisons with the conventional SISO cases for I=500, where the case for perfect CSI is considered as a benchmark. Therein, the corresponding correlation template signals are constructed by channel estimates or perfect CSI for coherent detection. It can be noted that the proposed schemes using correlation reception with EGC yield a smaller BER than the SISO cases by exploiting the ST diversity whether CSI is perfect or not. Besides, under the perfect CSI, the proposed ST schemes have the almost identical performance while different in the case of estimated channel. It means that the variation of ST diversity structure in the transmitter almost has a great influence on blind channel estimation based on FOS. This paper proposed several ST diversity structures for a TH-PPM based UWB MIMO system, where the corresponding correlation receivers with EGC were employed for coherent signal detection. Both channel identification condition and blind channel estimation method based on FOS were also derived. Herein, there was no ambiguity problem, not as much as that of the SOS methods. More importantly, the influence of tolerance threshold on channel estimation was considered over large SNR range and its optimal values were also determined. Simulation results demonstrate that the proposed ST schemes yield a smaller BER value compared with the SISO case.
